In this paper, new simple circuit models for developed SiC pin diodes are proposed. They are based on the electrical characteristics obtained in experiments without any detail information of internal structure and physical parameters. The validity of the circuit models is confirmed by correspondence between simulated characteristics and experimental one. The model installed in the experimental circuit configuration can precisely simulate the waveforms of the reverse recovery current and the forward characteristics. As a result, the proposed model is shown to be appropriate for describing the characteristics of high capability SiC diode module in the circuit operation.
Introduction
SiC power devices have enthusiastically been developed and brought to the commercial level, since SiC has excellent electrical and physical properties superior to Si. Some high voltage and high current capability SiC pin diodes have been developed [1, 2] and their practical applications are under considerations. In order to use the diodes in inverter circuits, the numerical simulation is inevitable to design the circuits and determine the passive elements values. Moreover, the simulation possibly leads to large voltage and current overshoots, power losses and EMI phenomena. Some Si pin diode models have been proposed [3, 4, 5] , as the diode model available in PSPICE is unable to predict the actual characteristics of pin structures. The previously developed Si diode models need not only internal structure (thickness, and impurity concentration of the drift region), but also physical parameters (minority carrier life time and carrier mobility) of the diode [3, 4, 5] for each device. It makes it difficult to use the models in the practical circuit simulation. In this meaning, the circuit models of SiC devices are still under development [6] .
In this paper, new simple circuit models of SiC pin diodes are proposed. The models do not require any information of diode internal structure nor physical parameters, but only need a few electrical characteristics observed in experiments. The validity of the circuit models is confirmed by correspondence with the experimental data. Figure 1 (a) shows the schematic cross sectional structure of 6.2 kV SiC pin diode, which was developed by the cooperative development of the Kansai Electric Power Com. and Cree Inc. [1] . This diode is fabricated by using 4H-SiC substrate with n-epitaxial layer. The p+ layer is also formed on the nepitaxial layer through epitaxial growth. Mesa JTE (Junction Termination Extension) is developed in order to support high reverse voltage. The JTE is formed by using ion implantation after shallow mesa etching of the p+ epi-layer and covers the side, the corner, and the circumference of the mesa. This diode had good forward characteristics and the highest blocking voltage among SiC diodes in 1999. Its specific on-resistances as a function of current densities at room temperature are shown in Figure 1 (b). It shows that the resistance strongly depends on the current density. 
Model description and derivation

Structure and measurement results of fabricated SiC pin diode
Forward characteristics
The relationship between the specific on-resistance (RonS ) and the current density can be expressed as following by using the voltage v between the anode and the cathode, and current density j.
Here, k 0 and a are constants. As current density j is expressed as i/S, where i is diode current, and S is the active area. The diode current i is expressed as following.
Here, k = k 0 /(a + 1) and V bi is the built in potential. Eq. (2) means the diode can be modeled as a voltage controlled current source in the forward characteristics.
Recovery characteristics
Reverse recovery occurs when a forward conducting diode is turned off rapidly, and the internally stored carriers cause transient reverse current to flow at high reverse voltage. In this case, the excess carriers stored in the drift region are rapidly reduced. When the excess carriers near the junction are removed, the depletion layer starts to expand from the junction, and the diode starts to support the reverse voltage. Peak reverse recovery current flows when a voltage between the anode and the cathode reaches the reverse supply voltage. The remaining excess carriers in the drift region diffuse after that, and the reverse recovery current reduces. At this point, the diode voltage overshoots by the stray inductance of the external circuit. The reverse recovery charge is defined as the time integration of the reverse recovery current.
Equivalent circuit model of SiC pin diode
The developed SiC pin diode model is composed of three reverse recovery processes. Figure 2 (a) shows the schematic reverse recovery waveforms of the pin diode. The forward current is decreasing at first period of t 0 . The reverse current is flowing with forward bias at the second one of t 1 . The reverse voltage is supported at the third one of (t 2 + t 3 ). Figure 2(b) shows the developed pin diode equivalent circuit. It is composed of 3 kinds of elements for the three reverse recovery processes. First element (a) is voltage controlled current source, and it makes the forward current flow. The current is controlled by the voltage between the anode and the cathode shown in Eq. (2). Rapidly decreasing on-state current at the period of t 0 is expressed by this element same as in the steady on-state. Second element (b) is composed of a switch, a voltage source and a resistance. These are connected in series, and are represented when the reverse recovery current flows under forward voltage drop. The switch is off when the forward current flows, and is turned on when the reverse recovery current starts flowing. The switch keeps on state at the period of t 1 . The switch is turned off when excess carriers at the junction are swept out. At this point, the time integration of the reverse recovery current exceeds the reduced reverse recovery charges, which is extracted from an experimental reverse current waveform. Third element (c) is composed of capacitances and resistances. The period of (t 2 + t 3 Model demonstration and discussion
Forward characteristics
The SiC pin diode model is implemented as a PSPICE equivalent circuit in this section. The forward characteristics of the diode are modeled by the voltage controlled current source. Output current of the current source is determined by Eq. (2). "a" in Eq. (2) is extracted from RonS-j characteristics of the diode. V bi and k are calculated by arbitrary two data of the forward i-v characteristics. Here, S is 1.96 × 10 −3 cm −2 . Extracted a, k and V bi are −0.6, 0.339 mΩcm 2 /A a and 2.59 V, respectively. The simulated results by the PSPICE equivalent circuit are compared with experimental results in Figure 3 (a) . The simulated results are in good agreement with the experimental results in the whole current density range. As the oscillation cycle of simulated waveform is nearly same as the observed in experiments, the stray inductance of the wiring and the capacitance of the SiC pin diode are supposed to cause the oscillation observed in experimental results. The stray inductance is changed in order to investigate the influence of the slope of the reverse recovery current. Figure 3 (d) shows the simulated results at three different current slopes. When the current slope becomes greater, oscillated recovery current becomes larger. The simulated and experimental recovery waveforms of a developed press packed 3 kV-600A SiC pin diode module are shown in Figure 3 (e) [2] . Simulated results are obtained by using the above-mentioned modeling method. Input DC voltage is 500 V. As the simulated data is in good agreement with experimental results, the modeling method is appropriate at a high current of 600 A. 
Recovery characteristics
Conclusion
This paper proposed simple circuit models for developed SiC pin diodes. These models need only a few experimental data of their electrical characteristics. The performances of the proposed models were confirmed by correspondence with experimental results. The model can accurately simulate the oscillation caused by the parasitic stray inductance and the diode capacitance in the circuit. Additionally, it was clearly shown that the proposed modeling method is also appropriate for a high capability SiC diode module.
